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Objective: To investigate whether icariin, which is a widely used pharmacological constituent in tradi-
tional Chinese herbal medicine, can be a potential promoting compound for cartilage tissue engineering.
Design: Icariin was added into cell-hydrogel constructs derived from neonatal rabbit chondrocytes and
collagen type I. The chondrogenic gene expressions and the synthesis of cartilage matrix of the seeded
cells were detected by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) and
Biochemical assay. The effects of icariin-added cell-hydrogel constructs on the restoration of
supercritical-sized osteochondral defects of adult rabbit were investigated by histological observation.
The cell-hydrogel constructs without Icariin were set for controls.
Results: Icariin obviously up-regulate the expressions included aggrecan, sox9, and collagen type II of
seeded chondrocytes from 99.7% to 248%. It increases the synthesis of glycosaminoglycan and collagen
type II about fourfolds to ﬁvefolds from week 1 to week 4, and accelerates the formation of chondroid
tissue in the cell-hydrogel constructs. Even, it improves the restoration efﬁciency of supercritical-sized
osteochondral defects in adult rabbit model, and enhances the integration of new-formed cartilage with
subchondral bone.
Conclusions: Icariin can be a potential promoting compound for cartilage tissue engineering, and it can be
a substitute for the use of some growth factors. The long history and extensive cases of safe use in China,
Japan and Korea make it more attractive.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Due to the lack of blood vessels, nerves, lymph supplies and
the intrinsically poor differentiating, migratory ability of chon-
drocytes, damaged cartilage has only limited ability of self-
healing1,2. Although many methods have been developed for the
restoration of defects of articular cartilage, they have some
inherent shortcomings. One of current strategies is to construct
grafts derived from the expanded autologous or allogenousY. Xiao, National Engineering
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s Research Society International. Pchondrocytes and the scaffolds which provide temporary
template. Then, the grafts are used to restore the defects3. The
applications of this strategy, including matrix-supported autolo-
gous chondrocyte implantation (MACI) and cartilage tissue
engineering, can provide ample grafts for the restoration, and
may be promising. However, the chondrocytes are easy to
dedifferentiation and hypertrophy in the in vitro culture, even
seeded in a biomimetic three dimensional (3D) microenviron-
ment4. It leads to lower quality of new-formed chondroid tissue,
worse efﬁcacy and sometimes severe inﬂammation. In order to
maintain the chondrocytic phenotype and promote chondro-
genesis, some growth factors such as TGF-b, IGF and BMPs etc are
added into the grafts5e7. However, the high cost, rapid degrada-
tion and easy-lost activity of growth factors lessen the value of
these growth factors. The security of the addition of growth
factors is still doubtful, because of the widely effects of them and
the worrying methods introduced in8,9. Therefore, the identiﬁ-
cation for other accelerators with low cost, steady activity and
security is really needed.
Herb Epimedium (HEP) is a widely used traditional Chinese
herbal medicine on arthritis in China, Japan and Korea10,11. Icariin
(Ica, Molecular weight 676.65) is the major pharmacological activeublished by Elsevier Ltd. All rights reserved.
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osteoblasts through the up-regulation of BMP-4, BMP-2 and
SMAD4 expression15e17. In bone tissue engineering, icariin has been
proved an efﬁcient accelerator18,19. Some reports indicated that the
osteoinductive effect of icariin in vivo might be expressed through
the process of endochondral ossiﬁcation19. Some other reports
proved that icariin was a safe and strong chondrocyte anabolic
agent which could affect the proliferation of chondrocytes and
reduce the degradation of extracellular matrix (ECM)20,21. These
suggest that icariin may be a potential accelerator for the chon-
drogenesis in cartilage tissue engineering.
Our previous study suggests that icariin promote ECM synthesis
and the expressions of sox9, collagen type II (Col II) and aggrecan
(AGG) genes of chondrocytes in 2D culture (data not shown).
However, in natural cartilage, chondrocytes locate in 3D lacuna.
Many studies have proved that the cytobiological properties of the
chondrocytes cultured in 3D environment are far different from
which in 2D4,22. Therefore, to deeply research the effect of icariin on
chondrocytes in 3D conditions is meaningful. In this study, natal
rabbit chondrocytes will be embedded by icariin/collagen I (Ica/Col)
hydrogels to construct engineered grafts. After in vitro pre-
engineering process, the grafts will be used for the restoration of
osteochondral defects of adult rabbits. The effect of the addition of
icariin on the phenotype and ECM synthesis of chondrocytes, and
the long-term (until 12 weeks) efﬁcacy of the cell-Ica/Col hydrogel
(CICH) grafts in osteochondral defects will be investigated. By the
comparing study, we hope to get more evidences for the possibility
of icariin as a promoting compound in cartilage tissue engineering.
Furthermore, in the restoration of osteochondral defects, the inte-
gration of neocartilage tissue with the native subchondral bone is
believed to be a key point23. We will preliminary examine if icariin
can enhance the integration, also.
Materials and methods
Preparation and characterization of icariin-hydrogels
Collagen type I (Col I) was extracted from calf skin and dissolved
in 0.5% acetic acid to form solution with concentration of 9 mg/
mL24,25. Then the Col solution was adjusted to neutralization using
HEPES-buffer and 2 M NaOH solution at 4C. The stock solution of
icariin (purity  98%, purchased from Nanjing TCM institute of
Chinese materia medica) was added into the neutral Col solution
and the ﬁnal concentrations of icariinwas 1105 M. Then the Ica/
Col mixture was injected into the wells of 48-well culture plate to
form Ica/Col hydrogels after 30 min incubation at 37C.
Formechanical testing, the cylindrical hydrogel samples (w8mm
height,w11 mm diameter, n ¼ 4) were compressed with a universal
testing machine (New Sansi, ShenZhen, China) at a constant strain
speed of 1mm/min up to 50% strain. The compressive modulus were
obtained from the slope of the stressestrain curve at low strains
(<20%). For the test of release of icariin in vitro, each Ica/Col hydrogel
formed with 300 mL of Ica/Col mixed solutionwas immersed in 1 mL
alpha-modiﬁed Eagle’s medium (a-MEM) and incubated in
a humidiﬁed atmospherewith 5%CO2 at 37C for 28days. The culture
media was changed every 2 days. The hydrogel samples were
removed from media at regular intervals and dried. Then the dried
sampleswere immersed in 1mL ethanolwith ultrasonic vibration for
1 h and incubated for 2 days. The icariin concentration in ethanol
solution was measured at a wavelength of 270 nm.
Isolation and culture of articular chondrocytes
Chondrocytes were isolated from hyaline cartilage of neonatal
New Zealand white rabbits. In brief, the cut particles of hyalinecartilage were digested with 0.25 mg/mL of trypsin for 30 min and
then with 2 mg/mL of collagenase type II in a-MEM (Gibco, Gai-
thersburg, MD, USA) for 12 h at 37C. After digestion, the isolated
chondrocytes were ﬁltered through a 180 mm ﬁlter to remove
undigested cartilage particles, then centrifuged and washed with
PBS (pH 7.2) for three times. The gained cells were re-suspended
and cultured in a-MEM containing 10% fetal bovine serum (FBS)
and antibiotics (penicillin 100 U/mL, streptomycin 100 U/mL) in
a humidiﬁed atmosphere with 5% CO2 at 37C. Culture media was
changed every 3 days.
The construction of cell-hydrogel constructs and the culture in vitro
The second passage (P2) of chondrocytes were mixed gently
with the prepared neutral Ica/Col solution for a ﬁnal cell density of
approximately 1107 cells/mL. The CICHwere formed as described
above. These hydrogels were transferred to culture dishes with
ample a-MEM. In control group, the chondrocytes were mixed
with only the neutral collagen solution to form cells-Col hydrogels
(CCH). The CCH and CICH constructs were cultured in a humidiﬁed
atmosphere with 5% CO2 at 37C. The culture medium was
exchanged every 3e4 days. The constructs were harvested at 1, 2
and 4 weeks for quantitative reverse transcription-polymerase
chain reaction (qRT-PCR), biochemical analyses, confocal laser
scanning microscopy (CLSM) and histological observation respec-
tively, and some constructs which cultured for 1 week were used
for the animal implantation.
Real-time qRT-PCR
The gene expression proﬁles of Col I, Col II, AGG and sox9 of the
seeded chondrocytes were analyzed by qRT-PCR. The harvested
cell-hydrogel constructs were grinded to powder in liquid nitrogen.
Then the total RNA was extracted using Trizol reagent (Invitrogen)
according to the manufacturer’s instructions and approximate 1 ug
of total RNAwas used for cDNA synthesis with ReverTra Ace qPCR
RT kit (Toyobo, Japan). The qRT-PCR reactions were performed
using CFX96 Real-Time PCR Detection System (Bio-Rad, USA)
with Syber Green PCR Master Mix (Bio-Rad) under the condition of
2 s at 98C and 5 s at the annealing temperatures of 60C. The
primer sequences used for qRT-PCR were summarized in Fig. 2(c).
The ﬂuorescence intensity was recorded for 39 cycles. The disso-
ciation curve of each primer pair was analyzed to conﬁrm the
primer speciﬁcity. The gene expression levels of chondrocytes in
hydrogel constructs were analyzed by the 2DDCt method using
GAPDH as the internal control26. Each sample was repeated three
times for each gene.
Biochemical assay
The cell-hydrogel constructs were lyophilized and digested with
1 mL 0.1% papain solution containing 0.05 M phosphate buffer (pH
6.0), 5 mM L-cysteine-HCl and 5 mM EDTA-Na2 for 8 h at 60C. The
total glycosaminoglycan (GAG) content was measured by the
sample absorbance using dimethylmethylene blue (DMMB) spec-
trophotometric assay at 525 nm with chondroitin sulfate as the
standard sample27. The total GAG content in each construct was
calculated according to the standard curve. Col II was measured
using the Col II Detection Kit (Chondrex Inc., Redmond, WA, USA).
For normalization, the DNA content in each construct was
measured by spectroﬂuorometer using Hoechst 33258 dye at
460 nm28. Calf thymus DNA was used for construction of the
standard curve for DNA quantiﬁcation. All experiments were
carried out in triplicate.
Fig. 1. The mechanical and in vitro release characterization of icariin-hydrogels. (a) The affection of icariin on the compressive modulus of collagen hydrogels. The numbers of
independent observation was 4. (b) In vitro remain curve of icariin in collagen hydrogel for 28 days. All experiments were carried out in triplicate.
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The morphology of chondrocytes cultured in hydrogels was
observed by CLSM (TCS SP 5, Leica). The cell-hydrogel constructs
cultured in vitro for 1 week were washed by PBS buffered solution
for three times, then immersed in solution containing ﬂuorescein
diacetate (FDA, 1 mg/mL, Topbio Science, Beijing, China) and pro-
pidium iodide (PI, 1 mg/mL, Solarbio, Beijing, China) for 3 min, and
washed by PBS buffered solution again. Under the observation of
CLSM, the live cells were dyed green by FDA, and the dead cells
were dyed red by PI.
Animal experiment
A total of 15 mature New Zealand white rabbits (Breeding Farm
for Sichuan Province Experimental Animal Special Committee)Fig. 2. The analysis of the expressions of cartilage-speciﬁc genes (including AGG, Col II and S
numbers of independent observation was 3, and the data were expressed as means  95%
weeks. The cells in CICH gave considerably higher levels of AGG, Col II, and sox9 gene expres
showed that: a1 ¼ 0.036, b1 ¼ 0.212, c1 ¼ 0.002, d1 ¼ 0.009, a2 ¼ 0.035, b2 ¼ 0.018, c2 ¼ 0.0
experiments.weighing 2.6e3.2 kg were used. After intravenous pentobarbital
sodium injecting anesthesia and the operational area sterilizing
(pentobarbital, 25 mg/kg), supercritical-sized osteochondral
defects (5.2 mm diameter and 2 mm depth) were created on the
trochlear grooves of the distal femora. The cell-hydrogel constructs
were press-ﬁtted into the defects. The left leg of each single animal
was implanted with CICH construct and the right was CCH
construct. After the ﬁlling, the incised joint capsule and the skin
were closed using sutures layer by layer. The rabbits were given
ampicillin (subcutaneous injection, 20 mg/kg) for 3 consecutive
postoperative days. At 4 and 12 weeks, the animals were sacriﬁced
by overdose pentobarbital sodium and distal femorawere retrieved
for histological analysis.
All the animals in this study obeyed the guide for the care and
use of laboratory animals of Sichuan University and the standard of
ISO 10993-2:2006.ox9) and Col I in the chondrocytes seeded in CICH and CCH constructs by qRT-PCR. The
conﬁdence intervals. (a) Indicated the results of 2 weeks culture in vitro, and (b) for 4
sions compared to those in CCH groups. The detailed p values between the groups were
08 and d2 ¼ 0.006. All of them are less than 0.05. (c) Primer sequences used in qRT-PCR
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For histological analysis of hydrogel constructs cultured in vitro,
three harvested samples for each group were ﬁxed in 10% PBS
buffered formalin for 3 days. Then the hydrogel constructs were
dehydrated in gradient ethanol series, embedded in parafﬁn and
sectioned. After hematoxylin and eosin (HE) and toluidine blue (TB)
stained, the sections were observed by an Olympus BX60
microscope.
For histological analysis of animal experiments, the distal
femora retrieved from the experimented rabbits were decalciﬁed
with 50 mM EDTA for about 5e6 weeks, and then dehydrated,
embedded and sectioned. The cross-sections were stained with HE
and TB.
Statistical analysis
There are three parallel samples for each experiment at each
time point. All data were expressed as means  95% conﬁdence
intervals. Signiﬁcance level between two groups was determined
by the Student’s t test and ANOVA followed by Bonferroni Post Hoc
tests (SPSS 11.0). For the repeat tested data, Linear Mixed Model of
SPSS was used for the analysis. The detailed p values between the
groups were presented on the ﬁgures and p < 0.05 was regarded as
statistical signiﬁcance.
Results
Icariin retaining within the hydrogel for 28 days at least and not
affecting the compressive modulus of hydrogels
The compressive modulus of the prepared hydrogels with and
without icariin are similar and not signiﬁcant difference found
[Fig.1(a); p> 0.05]. In in vitro release experiment, icariin in collagen
hydrogel could released in culture media gradually. Until 28 days,
there is still 7.9% icariin remained in hydrogel blocks [Fig. 1(b)].
Icariin up-regulating the expressions of chondrocytic gene of the
seeded chondrocytes
Figure 2 showed the effect of icariin on the expressions of
AGG, Col II, and sox9 of the seeded chondrocytes. It could be seen
that the cells in CICH gave considerably higher levels of AGG, Col II,
and sox9 gene expressions compared to those in CCH groups
(p< 0.05). In brief, comparingwith CCH constructs, CICH constructsFig. 3. The production of GAGs and Col II of chondrocytes encapsulated in hydrogel construc
The numbers of independent observation was 3, and the data were expressed as means 
(p < 0.05) and Col II/DNA (p < 0.05) in CICH constructs were much more than which in CCH
that: a1 ¼ 0.004, b1 ¼ 0.004, c1 ¼ 0.029, a2 ¼ 0.003, b2 ¼ 0.007 and c2 ¼ 0.017. All of thegave respectivelyz179% andz144% increasing in Col II expression
(p < 0.05), z103% and z99.7% increasing in AGG expression
(p < 0.05), and z248% and z191% increasing in sox9 expression
(p < 0.05) at 2 and 4 weeks of culture.
The expression of Col I was also examined. The level of Col I
expression in CICH constructs was lower than which in CCH
constructs at 2 weeks of culture (15% decrease). After 4 weeks
culture, CICH constructs gave higher Col I expression (42% increase)
compared with the CCH constructs (p < 0.05).
Icariin increases the synthesis of cartilage matrix of the seeded
chondrocytes
The production of GAG and Col II of the seeded cells were
measured at week 1, 2 and 4 of in vitro culture, and the total DNA
contents of each group were divided respectively for the balance.
The Fig. 3 showed the results of GAG/DNA and Col II/DNA. It indi-
cated that both GAG/DNA and Col II/DNA in CICH constructs were
much more than which in CCH constructs at each time point
(p < 0.05). During the course of culture, a time-dependent increase
in both GAG and Col II production was obvious in both CICH and
CCH groups. Specially, there was robust increase between week 1
and 4 in both CICH and CCH groups. Quantitatively, we observed
that the GAG and Col II production in both hydrogel constructs
increased about fourfolds to ﬁvefolds from week 1 to week 4,
respectively (Fig. 3).
Icariin accelerating the formation of chondroid tissue
The photos of CLSM were used to illustrate the survival, distri-
bution and morphology of the seeded cells in two kinds of hydro-
gels before the implantation, and the results were showed in Fig. 4.
It showed that after 1 week culture, most of the encapsulated
chondrocytes remained alive. The distribution and survival of the
seeded chondrocytes in both CICH and CCH constructs were similar.
The major part of chondrocytes in both CICH and CCH constructs
appeared spherical morphology and some of them possessed the
tendency to clustered growth (Fig. 4).
The HE and TB staining images of the cell-hydrogel constructs
after in vitro culturewere shown in Fig. 5. After only 1 week culture,
many chondroid pellets appeared in the CICH constructs [Fig. 5(a)].
As to the CCH constructs, at the same time, a few much smaller
chondroid tissues could be found [Fig. 5(b)]. On the photo of TB
stained section of 1 week cultured CICH construction, obvious
metachromatical regions could be found, especially in the center ofts was detected quantitatively by biochemical assays after cultured for 1, 2 and 4 weeks.
95% conﬁdence intervals. (a) Was the results of GAG and (b) was Col II. The GAG/DNA
constructs at each time point. The detailed p values between the groups were showed
m are less than 0.05.
Fig. 4. CLSM image showing the morphology of rabbit chondrocytes encapsulated in hydrogels after 1 week culture. After 1 week culture, most of the encapsulated chondrocytes
remained alive and only a few cells died. (a) CICH constructs, 100 and (b) CICH constructs, 400. (c) CCH constructs, 100 and (d) CCH constructs, 400.
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very light heterogeneous stains on the photos of CCH constructs
[Fig. 5(f)]. Prolong the time to 4 weeks, the differences between
CICH and CCH groups were more prominent. On HE stained
sections, many chondroid pellets had fused to large masses in CICH
constructs [Fig. 5(c)], while isolated chondroid regions were found
in CCH constructs [Fig. 5(d)], although these isolated regions
changed larger than 1 week CCH constructs. On the TB stained
sections, the deeply metachromatical stained regions in CICH
constructs indicated exuberant secretion of cartilage-speciﬁc
matrix [Fig. 5(g)], while the chondroid regions in CCH constructs
were still very light heterogeneously stained [Fig. 5(h)].
Icariin promoting the restoration of supercritical-sized
osteochondral defects
The cartilage defects regenerative capability of cell-hydrogel
constructs were assessed by the implantation into supercritical-
sized osteochondral defects (5.2 mm diameter and 2 mm depth).
After 4 and 12 weeks, the gross morphology examination and
histological analysis were made respectively.
Macroscopically, there were not obvious pathological changes in
each knee joint around the defects at each period. At 4 weeks of
postoperation, the surfaces of all defects appeared depressed and
irregular. The defects treated with CICH constructs had been ﬁlledwith a layer of opaque chondroid tissue mostly and which
demonstrated good integration with the host cartilage [Fig. 6(a)].
But the defects treated with CCH constructs were partially ﬁlled
with opaque tissues and most region of the defects appeared
reddish myeloid tissues [Fig. 6(b)]. At 12 weeks, all defects were
completely ﬁlled by white opaque neo-formed chondroid tissue,
and the surfaces of themwere nearly smooth. However, the surface
of the defects treated with CICH constructs displayed more regular
and complete [Fig. 6(c)], while which of CCH group had some small
cracks still [Fig. 6(d)].
In the cross-sections of 4 weeks, obvious depressions could
be found on the surfaces of both CICH and CCH ﬁlled defects
[Fig. 7(aed)]. however, on the surface of CICH construct ﬁlled,
a layer of complete cartilage could be observed [Fig. 7(a,c)]. On the
surface of CCH ﬁlled, only limited new-formed cartilage were
observed, and a large part of the surface were ﬁlled by some ﬁbrous
connective tissue [Fig. 7(b,d)]. With TB staining, it could be
observed that the whole layer of new-formed cartilage on CICH
construct had exuberant secretion of cartilage-speciﬁc matrix [dark
purple and blue stained areas, Fig. 7(c)], while the CCH construct
gave only isolated small pieces of similar areas [Fig. 7(d)]. At 12
weeks postoperation, the stained sections show that all the defects
had been ﬁlled up by new-formed cartilage and the depressions of
the surfaces had disappeared [Fig. 7(eeh)]. In addition, the sub-
chondral bone masked by new formed complete cartilage layer. In
Fig. 5. The hydrogel constructs sections stained by HE and TB after cultured in vitro for 1 and 4 weeks. (a) CICH constructs cultured for 1 week, HE stained, large chondroid region
could be observed, and chondrocytes embedded in many lacuna; (b) CCH constructs cultured for 1 week, HE stained, only small pieces of chondroid regions appeared on the edge of
the constructs; (c) CICH constructs cultured for 4 week, HE stained, many chondroid regions fused to large masses; (d) CICH constructs cultured for 4 week, HE stained, the
chondroid regions were larger than which of 1 week in CICH constructs, but most of them were still isolated; (e) CICH constructs cultured for 1 week, TB stained, obvious met-
achromatical regions could be found in many chondroid pellets, especially in the center of larger chondroid regions; (f) CCH constructs cultured for 1 week, TB stained, only small
and light heterogeneous stains were found on the edge; (g) CICH constructs cultured for 4 week, TB stained, larger and darker metachromatical stained regions were observed. (h)
CCH constructs cultured for 4 week, the metachromatical stain of chondroid region was still light.
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similar or even thicker than adjacent host cartilage [Fig. 7(e,g)].
While the thickness of the regenerated cartilage layer in the CCH-
treated group was less than that of the normal articular cartilage
[Fig. 7(f,h)].Fig. 6. The macroscopic observation of the restoration of the supercritical-sized osteochondr
tissue had covered the defects almost; (b) CCH constructs, 4 weeks after the operation, mo
weeks, the defects in both (c) CICH constructs and (d) CCH constructs were completely ﬁ
restored defects showed regular and complete, while which of CCH group had some smallIcariin enhancing the integration of neocartilage tissue with
subchondral bone
On the TB stained sections with highmagniﬁcation, the status of
the integration of neocartilage tissue with the native subchondralal defects. (a) CICH constructs, 4 weeks after the operation, a layer of opaque chondroid
st of the defects were still empty and the red subchondral tissue was obvious. After 12
lled by a layer of white opaque neo-formed chondroid tissue, but in CICH group, the
cracks still.
Fig. 7. The microscopic observation of the restoration of the supercritical-sized osteochondral defects, HE and TB stained. Asterisks showed the locations of the supercritical-sized
osteochondral defects. (a) CICH constructs, 4 weeks after the operation, HE stain, a layer of complete cartilage could be observed, and the new-formed cartilage had well integrated
with the adjacent host cartilage; (b) CCH constructs, 4 weeks after the operation, HE stain, only limited new-formed cartilage were observed, and a large part of the surface were
ﬁlled by some ﬁbrous connective tissue; (c) CICH constructs, 4 weeks after the operation, TB stain, the new-formed cartilage layer had secreted abundant cartilage-speciﬁc matrix,
which had been stained to dark purple; (d) CCH constructs, 4 weeks after the operation, TB stain, the metachromatical regions could be found only at the border of the defect; (e)
CICH constructs, 12 weeks after the operation, HE stain, complete new-formed cartilage layer was found on the defect; (f) CCH constructs, 12 weeks after the operation, HE stain,
a complete cartilage layer had covered the defect, but the thickness was thinner than which of CICH group; (g) CICH constructs, 12 weeks after the operation, TB stain, the obvious
metachromatical regions showed that the new-formed cartilage layer in CICH group was more thicker than the adjacent host cartilage and well integrated with subchondral bone;
(h) CCH constructs, 12 weeks after the operation, TB stain, the metachromatical regions in CCH group were thinner and lighter.
D. Li et al. / Osteoarthritis and Cartilage 20 (2012) 1647e1656 1653bone were observed (Fig. 8). After 4 weeks implantation, the new-
formed cartilage had tightly fused with subchondral bone, and the
connections were smooth and uninterrupted in CICH group
[Fig. 8(a,e)]. At this time, the defect of CCH group was still ﬁlled by
ﬁbrous connective tissue mainly. The new-formed cartilage con-
nected with subchondral bone only in a few irregular and inter-
rupted sites [Fig. 8(b,f)]. Prolong the time to 12 weeks, although the
new-formed cartilage layer had tightly integrated with sub-
chondral bone in both CICH and CCH group, the CICH group
[Fig. 8(c,g)] gave much more intercross or interleaving structure
than CCH group on the tidemark areas [Fig. 8(d,h)].
Discussion
Icariin have been proved that is an efﬁcient promoting
compound for the anti-osteoporosis, the restoration of bone defects
and the bone tissue engineering11,18,29. Cartilage has similar
embryogenesis with bone, and the promoting of the icariin for the
bone regeneration may base on the enhancing of the endochondralossiﬁcation18. Therefore, it is possible that icariin to be a promoter
of cartilage tissue engineering. In this study, we constructed two
kinds of constructions derived from collagen hydrogel and neonatal
rabbit chondrocytes under the conditions with or without icariin.
By comparatively observations and evaluations of these construc-
tions in in vitro culture and in vivo restoration, we found that the
addition of icariin could help to increase the synthesis of cartilage-
speciﬁc matrixes of the seeded chondrocytes, promote the forma-
tion of chondroid tissue and ﬁnally improve the restorational
efﬁciency of supercritical-sized osteochondral defects in animal
model. These results suggest that icariin is really a promoting
compound for engineered cartilage. It may replace the use of some
growth factors. It’s long applying history and extensive cases of safe
use in China, Japan and Korea make it more attractive.
In this study, the addition of icariin into the collagen hydrogel
may not affect the gelation, because the mechanical properties of
the hydrogels with and without icariin showed not signiﬁcant
difference [Fig. 1(a)]. The encapsulated icariin can be gradually
released, and until 28 days, there is still some icariin remained in
Fig. 8. The observation of the integrated between the new-formed cartilage and subchondral bone, TB stain. (a) CICH constructs, 4 weeks after the operation, 100, the binding of
new-formed and host cartilage was obvious. New-formed cartilage had attached with some subchondral trabecula; (b) CCH constructs, 4 weeks after the operation, 100, around
the new-formed cartilage, many ﬁbrous connective tissue was observed, and only a little trabecula attached the new-formed cartilage; (c) CICH constructs, 12 weeks after the
operation, 100, the new-formed cartilage integrated with subchondral trabecula tightly, and many pieces of chondroid tissue had extended into the subchondral bone. (d) CCH
constructs, 12 weeks after the operation, 100, new-formed cartilage had integrated with subchondral bone, but the extended chondroid tissue was less; (e) CICH constructs,
4 weeks after the operation, 200, the binding of new-formed cartilage with trabecula was tight. (f) CCH constructs, 4 weeks after the operation, 200, new-formed cartilage
attached ﬁbrous connective tissue mainly; (g) CICH constructs, 12 weeks after the operation, 200, many chondroid tissue intercrossed or interleaved with subchondral trabecula;
(h) CCH constructs, 12 weeks after the operation, 200, only a little chondroid tissue extended into subchondral bone.
D. Li et al. / Osteoarthritis and Cartilage 20 (2012) 1647e16561654hydrogel blocks [Fig. 1(b)] indicates that icariin acts not only on
cells initially but also for some longer period. The ﬁndings on the
hydrogel constructions cultured in vitro reveal that the cellular
responses of seeded chondrocytes to collagen or Ica/collagen
hydrogels are obviously different. It appears that icariin in CICH
constructs can up-regulate the expressions of cartilage-speciﬁc
genes. It has been reported that icariin stimulated the differentia-
tion of primary osteoblasts by up-regulating the mRNA expression
of BMP-2 and Smad414. Many evidences have indicated that BMP
signals promoted the expression of sox9 gene30. The sox9 gene play
a pivotal role in chondrogenesis31, because sox9 gene is considered
to be an early chondrogenic marker which promote the AGG and
collagen production32. In other word, the up-regulation of sox9
gene is a critical event for a chondrogenesis pathway. Here, we ﬁnd
that the expression of sox9 gene of the chondrocytes seeded in
CICH hydrogel is signiﬁcantly higher than CCH hydrogel (Fig. 2). It
can be the explanation for the higher expressions of Col II and AGG
genes (Fig. 2), and the resulting higher secretions of Col II and AGG
(Fig. 3). In fact, the relative increasing folds of sox9 are the highest
one in 2 and 4 weeks in all the detected genes, and it may be a proof
for above.
The secreted cartilage-speciﬁc matrix may have meaningful
positive feedback effect for the seeded chondrocytes. Some reports
have proved that the attachment of the suitable matrix is an
important condition for the chondrocytes to maintain their
phenotype33,34. The richer cartilage-speciﬁc matrix in CICH group
may also supply better lacuna-liked structure and corresponding
microenvironment for the located chondrocytes and help to
maintain their normal spherical morphology (Fig. 4). Thereafter,
with the rapid accumulated cartilage-speciﬁc matrix and the
encapsulated chondrocytes, many ever-increasing clusters and
pellets fuse to larger masses and ﬁnally form matured chondroid
tissue more and faster (Fig. 5). In the real restoration of
supercritical-sized osteochondral defects in animal model, the
advantages of speed and amount of matrix synthesis also help CICH
group to get better outcomes than CCH group (Figs. 6 and 7). As to
the promising integration of neocartilage with subchondral bone
(Fig. 8), we believe it may be relative with the promoting of the
icariin on both cartilage and bone restoration. Icariin increases
the secretion of not only Col II, but also Col I (Fig. 2), and theabundant ECM will help to the integration of new-formed cartilage
and bone.
We used collagen hydrogel as the example of 3D culture system
and the carrier of icariin in this study. It has been reported that
collagen-based hydrogels permitted the proliferation and chon-
drogenic differentiation of seeded stem cells24,25, and ﬁnally
formed chondroid tissue. Collagen hydrogel can offer a 3D support
for proliferation and differentiation of the seeded chondrocytes,
and avoid dedifferentiation at certain degree. A point was that, at
the procedure of the construction of collagen hydrogel, the icariin
solution with suitable concentration can be thoroughly mixed with
collagen solution, and ﬁxed in the formed hydrogel. With the
degradation of collagen hydrogel, icariin can be released gradually
and act on surrounding cells directly.
The expressional proﬁle of the cartilage-related genes of the
seeded cells indicates the promoting of icariin on chondrogenesis in
cartilage tissue engineering. However, more genes expression and
signal pathways, such as bone-relative genes need to be compared
in the future study. Icariin has been proved can promote the resto-
rations both in cartilage and bone. The microenvironment in artic-
ular cavity may be suitable for the formation of cartilage, but after
longer period of implantation, if the cartilage will be calciﬁed and
changed to bone is another question which needs to be considered.
Conclusions
The addition of icariin will up-regulate the expressions of
cartilage-speciﬁc genes of seeded chondrocytes. Furthermore,
icariin can increase the synthesis of cartilage matrix, accelerates
and maintains the formation of chondroid tissue. Finally, icariin
improves the efﬁciency of the restoration of supercritical-sized
osteochondral defects by engineered cartilage. Even, icariin can
enhance the integration of new-formed cartilage with subchondral
bone. These indicate that icariin may be a potential promoting
compound for cartilage tissue engineering.
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